The salivary glands are important effector sites for IgA-mediated humoral immunity to protect oral surfaces. Within murine submandibular glands (SMG), we identified a memory CD8 T-cell population that exhibited a unique cell-surface phenotype distinct from memory CD8 T cells in spleen but similar to memory T cells resident in the intraepithelial lymphocyte compartment of the intestinal mucosa. In mice immune to lymphocytic choriomeningitis virus (LCMV) or vesicular stomatitis virus (VSV), virus-specific memory CD8 T cells with this unusual phenotype were present in SMG at remarkably high frequencies. LCMV-specific memory CD8 T cells in SMG showed potent functional activities in vivo, including cytokine-induced bystander proliferation, antigen-triggered IFNγ production, and viral clearance. Adoptive transfer experiments further revealed that the capacity to accumulate in SMG decreased during CD8 Tcell differentiation and that SMG CD8 T cells were poorly replenished from the circulation, indicating that they were tissue-resident. Moreover, they preferentially relocalized within their tissue of origin after adoptive transfer and antigen rechallenge, thus revealing an imprinted differentiation status. Accumulation of memory CD8 T cells within SMG did not require local antigen presentation but was promoted by the epithelial differentiation molecule E-cadherin intrinsically expressed by these CD8 T cells. This finding extends the epithelial-restricted function of E-cadherin to an impact on lymphocyte accumulation within epithelial tissues.
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epithelial tissues | viral infections T he establishment of a multilayered memory T-cell system provides high flexibility to combat reinfections with different pathogens. Central memory T cells (T CM ) build up a long-lasting pool of rapidly replicating cells in secondary lymphoid organs whereas effector memory T cells (T EM ) patrolling blood, spleen, and nonlymphoid tissues are crucial to fighting incoming infections by immediate effector functions (1, 2) . Parabiosis experiments, however, revealed that entry of blood-borne memory T cells into brain and gut lamina propria is restricted (3) . Moreover, recent studies have suggested a prominent role of tissueresident memory T cells (T RM ) in providing local protection (4) . Virus-specific CD8 T RM cells have been described in sensory ganglia, skin, brain, and intestinal mucosa (4) (5) (6) (7) (8) (9) (10) (11) . Common features of differently localized T RM cells are the expressions of the α E β 7 integrin CD103 and of CD69 (4, 5, 7, 9) . Submandibular glands (SMG) are accessory organs of the oral mucosa and well-characterized effector sites of the mucosal IgA response (12, 13) . In addition to B cells, SMG also accommodate αβ and γδ T cells, NK cells, and other innate immune cell populations (13, 14) . The glandular tissue further represents an important target organ for cytomegalovirus infections and for autoimmune reactions (15, 16) . As SMG are exocrine epithelial tissues, the epithelial differentiation molecule E-cadherin is highly expressed in these organs. E-cadherin is a well-known homotypic cell-cell adhesion molecule for epithelial cells, and heterotypic binding of E-cadherin on epithelial tissues to CD103 on lymphocytes is well documented (17) (18) (19) . In contrast, the functional role of E-cadherin on the surface of lymphocytes has not yet been addressed in vivo (20) (21) (22) (23) (24) .
Examining the tissue distribution of virus-specific memory CD8 T cells after systemic lymphocytic choriomeningitis virus (LCMV) infection, we detected an enrichment of LCMV-specific memory T cells in SMG that resembled T RM cells. In the present report, we characterize the unique phenotype and the functional features of these T cells.
Results
Accumulation of CD8 T Cells in SMG After LCMV Infection. Infection of C57BL/6 (B6) mice with LCMV-WE (200 pfu) induces a robust virus-specific CD8 T-cell response followed by rapid virus clearance and stable memory formation. We observed that absolute numbers of CD45 leukocytes within SMG of LCMVimmune mice [4-16 wk post infection (p.i.)] increased approximately threefold compared with noninfected controls (Fig. 1A) . Flow cytometric analysis further revealed a proportional increase of CD8 (8 ± 2% vs. 21 ± 1%) and a decrease of NKp46 (14 ± 2% vs. 5 ± 1%) cells in noninfected vs. infected mice (Fig. 1B) . Nearly all CD8 cells isolated from SMG expressed αβ TCR and CD8 α-and β-chains, indicating that these cells represented CD8 T lymphocytes (Fig. S1A) . Percentages of the other main leukocyte subsets-including CD4 T cells (12 ± 4%/9 ± 2%), CD19 B cells (26 ± 6%/29 ± 3%), CD11c/CD11b macrophages/DC (40 ± 11%/28 ± 5%), and Gr-1 granulocytes (3 ± 1%)-were comparable between infected and noninfected mice (Fig. 1B and Fig.  S1B ). Immunohistological examination of SMG sections from infected mice further showed a scattered distribution of CD45 and CD8 cells within the glandular tissue and no evidence of the formation of leukocyte clusters (Fig. S1C ).
High Frequencies of Antigen-Specific Memory CD8 T Cells in SMG. The frequencies of LCMV-specific CD8 T cells in SMG and spleen of LCMV-immune B6 mice were determined by MHC class I tetramers (gp33/H-2D b ). Because SMG are part of the digestive tract and the intestine is known to harbor antigen-experienced CD8 T cells, intraepithelial lymphocytes (IEL) from gut epithelium of the small bowel were included in the analysis. As shown in Fig. 2A , percentages of gp33-specific memory CD8 T cells were considerably higher in SMG (13 ± 1%) than in IEL (1 ± 0.2%). In spleen, intermediate percentages (4 ± 0.4%) of LCMV-specific memory CD8 T cells were found. To determine whether the high frequencies of virus-specific CD8 T cells in SMG represented a phenomenon restricted to the LCMV infection, virus-specific memory CD8 T cells were analyzed in VSV-immune B6 mice (28 wk p.i.) by MHC class I tetramers (np52/H-2K b ). As depicted in Fig. 2B , 16 ± 1% of SMG CD8 memory T cells were specific for VSV np52 whereas the corresponding frequencies were considerably lower in IEL and spleen (2 ± 0.7% and 1 ± 0.4%). Similar results were obtained when VSV-immune mice were analyzed 4 wk p.i. (Fig. S2) . To extend the analyses to a monoclonal antigen-specific system, LCMV gp33-specific CD8 T cells from P14 TCR transgenic mice were used. A tracer population of naive P14 CD8 T cells (Thy1.1 + ) was transferred into B6 recipient mice followed by LCMV infection. At the stationary phase of infection (4-16 wk p.i.), the frequencies of P14 memory T cells within the CD8 T-cell population isolated from SMG and spleen were determined. In LCMV-immune P14 chimeric mice, the tissue distribution of P14 memory T cells (spleen: 22 ± 3%; SMG: 74 ± 3%; IEL: 10 ± 1%) was comparable to non-TCR-transgenic memory CD8 T cells in LCMV-immune B6 mice. P14 memory T cells were around seven times more frequent among SMG CD8 T cells compared with CD8αβ IEL (Fig. 2C) . Taken together, these data revealed a long-term persistence of virus-specific memory CD8 T cells within SMG after systemic viral infection with considerably higher frequencies than in the IEL compartment and in spleen.
CD8 T Cells in SMG Express a Unique Cell-Surface Phenotype. In striking contrast to splenic P14 memory T cells, P14 T cells isolated from SMG of LCMV-immune P14 chimeric mice expressed high levels of CD69, CD103, and E-cadherin (Fig. 3 ). Ly6C and CD127 expression levels were reduced, and P14 T cells positive for KLRG1 were lacking. CD44, CD62L, and CD27 could not be used for analyses because these markers were sensitive to collagenase treatment, required for efficient lymphocyte isolation from SMG. Importantly, non-TCR-transgenic CD8 T cells in SMG of LCMV-immune B6 mice showed the same cell-surface phenotype (Fig. S3A) . The high levels of CD69 and CD103 in SMG P14 memory T cells were reminiscent of the previously described phenotype of P14 memory T cells isolated from the IEL compartment (7) . In contrast to P14 memory T cells in SMG, P14 IEL were negative for Ly6C but could also be stained with E-cadherin-specific mAb (Fig. S3B ).
Functional Activities of SMG CD8 Memory T Cells. Poly I:C treatment is known to induce bystander proliferation of memory CD8 T cells via induction of type I IFN and IL-15 (25) . To determine whether SMG memory CD8 T cells were capable of responding to this cytokine stimulation in vivo, LCMV-immune B6 mice were treated with poly I:C, and T-cell proliferation was determined by Ki-67 expression. As shown in Fig. 4A , poly I:C treatment induced Ki-67 expression in SMG CD8 T cells (49 ± 3%) at levels comparable to those in CD44 high memory-phenotype CD8 T cells in the spleen (40 ± 4%). To evaluate the antigen-specific response of SMG CD8 T cells, we systemically administered the cognate LCMV gp33 peptide into LCMV-immune P14 chimeric mice. Soon (6 h) after gp33 peptide treatment, P14 T cells from SMG and spleen were isolated and directly stained for intracellular IFNγ. Similar percentages of SMG and splenic P14 memory T cells produced IFNγ (spleen: 87 ± 4%; SMG: 90 ± 4%) in response to gp33 antigen stimulation in vivo (Fig. 4B ). P14 memory T cells from SMG restimulated with gp33 peptide in vitro were also able to produce IFNγ (19 ± 4%) and to degranulate (CD107a: 39 ± 6%), but the proportions of responding cells in these assays were about twoto threefold lower compared with gp33-restimulated splenic P14 memory T cells (CD107a: 78 ± 3%; IFNγ: 60± 8%) (Fig. S4A ). To determine whether SMG CD8 T cells can provide immunity to local infection, LCMV titers in SMG were determined in different groups of mice 3 d after intraglandular (i.g.) infection of the salivary glands with the fast-replicating LCMV strain Docile. In nonimmune mice, this infection route led to significantly higher viral titers (∼10-fold) in SMG compared with spleen whereas systemic infection (i.v.) resulted in high titers in spleen but not in SMG (Fig. S4B ). To prevent lymphocyte egress from nearby lymphoid tissues, mice were treated with FTY720 during viral rechallenge. The results from these experiments revealed that LCMV was completely cleared in SMG of LCMVimmune B6 and P14 chimeric mice whereas high LCMV titers were found in SMG of the nonimmune control (8 × 10 5 ± 3 × 10 5 pfu/SMG) and of VSV-immune mice (5 × 10 5 ± 3 × 10 5 pfu/ SMG), confirming antigen specificity (Fig.4C) . Neutralizing antibodies could not be detected in the sera of these LCMVimmune mice (Fig. S4C) , rendering humoral immunity as the responsible effector mechanism in this experimental setting very unlikely.
P14 Effector but Not Resting P14 Memory Cells Accumulate in SMG.
To test whether effector or memory CD8 T cells from spleen were able to accumulate in SMG in the absence of a LCMV infection, we adoptively transferred P14 effector (day 8 p.i.), late effector (day 18 p.i.), or resting memory (day 110 p.i.) cells from LCMV-immune P14 chimeric mice into B6 recipient mice. The recipient mice were analyzed 1 wk after cell transfer (Fig. 5) . P14 effector (day 8) T cells were found at clearly higher frequencies in the CD8 T-cell population of SMG (10.4 ± 3.5%) compared with the spleen (1.3 ± 0.4%) whereas the relative tissue distribution of P14 late effector (day 18) T cells was similar between spleen (3.3 ± 0.3%) and SMG (3.0 ± 0.9%). In striking contrast, after transfer of resting P14 memory (day 110) T cells, we failed to recover any P14 T cells from SMG whereas 1.3 ± 0.4% of CD8 T cells in spleen carried the P14 TCR in the same mice. Taken together, these data indicate that the capacity to accumulate in SMG decreases during T-cell differentiation and further suggest that SMG CD8 T cells were not rapidly replenished from the circulation in the resting state.
Tissue-Specific Accumulation of SMG P14 Memory T Cells After LCMV Rechallenge. To assess the impact of the SMG environment during the differentiation of CD8 memory T cells, P14 memory T cells from SMG and spleen were transferred into B6 mice followed by LCMV infection. Six days later, the recall response in blood of the recipient mice was monitored. As shown in Fig. 6A , SMG P14 memory T cells were able to mount a secondary proliferative response in blood, but the magnitude of the response was considerably lower compared with splenic P14 memory T cells (13 ± 1% vs. 72 ± 1% of CD8 T cells carrying P14 TCR). To determine whether the origin of P14 memory T cells influenced their tissue distribution after recall, we examined these mice 3 wk p.i. (Fig. 6B) . As expected from the marked difference in clonal burst after rechallenge, overall frequencies of secondary P14 memory T cells were considerably higher in mice that had been repopulated with splenic P14 memory T cells. In these mice, percentages of secondary P14 memory T cells among CD8 T cells were highest in spleen (34 ± 2%), followed by SMG (22 ± 4%) and IEL (9 ± 1%). Strikingly, mice repopulated with SMG P14 memory T cells showed higher frequencies in SMG (8 ± 2%), followed by IEL (2 ± 1%) and spleen (1 ± 0.4%). Thus, P14 memory T cells from SMG preferentially reaccumulate in SMG after LCMV rechallenge. 
Accumulation of P14 Memory T Cells in SMG Is Independent of Local
Antigen. In the experimental conditions used here to generate LCMV-immune mice, LCMV was not detectable in SMG by virus plaque assay either at the acute or at the stationary phase of the infection (Fig. S5) , suggesting that accumulation of LCMVspecific CD8 memory T cells in SMG was antigen independent.
To provide further evidence for this notion, short-term (day 3) gp33 peptide-activated P14 T cells were transferred into B6 mice. One and four weeks after adoptive cell transfer, P14 T cells were traced in spleen, SMG, and IEL. As shown in Fig. 7 A and B, P14 T cells could be detected in all of these tissues, but their frequencies varied considerably. At both time points, frequencies of P14 T cells within the CD8 T-cell population were highest in SMG (week 1: 32 ± 6%; week 4: 42 ± 8%), lower in spleen (weeks 1 and 4: 14 ± 3%), and only marginal in IEL (week 1: 0.6 ± 0.2%; week 4: 0.3 ± 0.1%). Similar to the LCMV infection model, a significant proportion of P14 T cells (26 ± 1%) recovered from SMG expressed E-cadherin 1 wk after adoptive cell transfer. This proportion was further increased (50 ± 4%) 4 wk after transfer. E-cadherin was also found on a fraction (week 1: 22 ± 6%; week 4: 20 ± 3%) of the few P14 IEL but not on splenic P14 T cells (Fig. 7C) . Next, CD103 expression on P14 T cells isolated from spleen, SMG, and small intestine epithelium was examined (Fig. 7D) . CD103 was expressed at high levels by almost all (79 ± 7%) P14 T cells in the IEL compartment but not at all by P14 T cells from spleen. Among SMG P14 T cells, CD103 high expression was found on a clearly smaller fraction (32 ± 7%) than in P14 IEL. Altogether, these data indicate that accumulation of antigen-specific memory CD8 T cells in SMG was independent of local antigen and also occurred in the absence of inflammatory conditions. In vitro-activated P14 T cells used for adoptive transfer completely lacked E-cadherin and CD103 surface expression (Fig. S6A) , indicating that these adhesion molecules were induced in P14 T cells within glandular and small intestinal tissues. This was also confirmed by the observation that P14 T cells present in SMG at an early time point (day 3) after transfer did not express E-cadherin (Fig. S6B ).
E-Cadherin Expressed by SMG CD8 T Cells Promotes Their Tissue
Accumulation. SMG CD8 T cells showed an intriguing E-cadherin expression. To examine whether E-cadherin was synthesized directly by CD8 T cells or acquired from the surrounding SMG epithelium that expresses high levels of E-cadherin, mice carrying a T-cell-specific deletion of the E-cadherin gene were analyzed. These mice were generated by breeding CD4-Cre transgenic mice with mice carrying a floxed allele of the E-cadherin gene. For the analysis, littermates carrying CD4-Cre + Ecad fl/fl and CD4-Cre lation in SMG CD8 T cells did not restore KLRG1 expression in these cells (Fig. 8A) . The role of E-cadherin in cell adhesion mediated by homotypic interactions is well known. Therefore, Ecadherin expressed by SMG CD8 T cells might be important for accumulation of these cells within the submandibular gland tissue. Indeed, percentages of CD8 T cells among CD45 leukocytes from SMG were significantly lower in LCMV-immune CD4-Cre + E-cad fl/fl (24 ± 1%) mice compared with CD4-Cre − E-cad fl/fl (32 ± 2%) mice (Fig. 8B) . Importantly, the corresponding percentages did not differ in splenocytes (20 ± 1% vs. 21 ± 1%) of the same animals (Fig. 8B) . Thus, these data indicate that Ecadherin expressed by SMG CD8 T cells promotes accumulation of these cells in this epithelial tissue.
Discussion
The phenotype of SMG memory CD8 T cells was clearly different from splenic memory CD8 T cells but were reminiscent of αβTCR CD8αβ cells in the IEL compartment (7). In LCMV-immune P14 chimeric mice, P14 T cells in both SMG and IEL were positive for CD69, CD103, and E-cadherin and lacked KLRG1 expression. However, Ly6C expression was found only on P14 T cells in SMG, indicating that antigen-specific CD8 T cells in SMG and IEL exhibit a similar but not an identical phenotype. Moreover, percentages of virus-specific CD8 T cells in the CD8αβ T-cell compartment were strikingly higher in SMG than in IEL. This finding indicates that the mechanisms that govern entry, retention, and/or survival of antigen-specific CD8 T cells in SMG and IEL are different. This notion is further supported by the finding that shortterm (day 3) in vitro-activated P14 T cells accumulated efficiently in SMG but not in IEL after adoptive transfer. P14 memory T cells isolated from SMG exhibited decreased functional activity compared with their splenic counterparts when tested in restimulation assays in vitro. However, when the responsiveness of these cells was examined after antigen stimulation in vivo, P14 memory T cells from SMG and spleen showed comparable levels of IFNγ production. These different results fit well with the observation by Wakim et al. (5) that tissue-resident memory T cells from brain show impaired functional activity after dissociation from the tissue in which they reside. The decreased expansion rate of isolated and adoptively transferred P14 memory T cells from SMG upon recall may also be, at least partially, due to this effect. Nonetheless, these recall experiments demonstrated that P14 memory T cells from spleen preferentially resided in spleen after rechallenge whereas P14 memory T cells from SMG accumulated mainly within SMG. Thus, the tissue origin of "primary" P14 memory T cells influenced tissue localization of the corresponding "secondary" P14 memory T cells. Adoptive transfer experiments with effector and memory P14 T cells from spleen further revealed that the capacity to accumulate in SMG decreases during the course of T-cell differentiation. Short-term (day 3) in vitro-stimulated P14 T cells and P14 effector T cells (day 8 p.i.) exhibited a high competence to enrich in SMG followed by "late" P14 effector T cells (day 18) whereas resting P14 memory T cells (day 110 p.i.) failed to accumulate in SMG. Hence, not only the tissue of origin but also the differentiation stage determines the extent of accumulation in SMG. The failure of peripheral resting P14 memory T cells to accumulate in SMG further implies that SMG memory CD8 T cells are poorly replenished from the circulation, and thus they can be considered as tissue resident.
After skin scarification with HSV or after intranasal VSV infection, there is good evidence that local antigen presentation is required for the induction of T RM cells (4, 5) . Nonetheless, longterm residence of these cells may be independent of persisting antigen (5) . VSV-specific T RM cells in the brain have been shown to cluster around former hot spots of local antigen (5) . Our data reveal a widely scattered distribution of CD8 T cells within the glandular tissue of LCMV-immune mice and the lack of leukocyte clusters, suggesting an accumulation process independent of local antigen. This conclusion is further based on the finding that gp33 peptide-activated P14 T cells accumulated in SMG after adoptive transfer. As the gp33 peptide has a very short half-life in vivo (26) , residual traces of gp33 peptides, possibly present in the transfer inoculum, would be degraded within minutes in the recipient mice. In addition, LCMV could not be detected in SMG by standard virus plaque assay either at the acute or at the stationary phase after low-dose systemic LCMV infection used here for generation of LCMV-immune mice. In this respect, accumulation of antigen-specific CD8 T cells in SMG differs from the local viral infection models (4, 5) ; it resembles more the entry of "early" LCMV-specific effector CD8 T cells into the gut epithelium after systemic infection, a process that is also independent of local priming events (6) .
The interaction of CD103 expressed by CD8 T cells with Ecadherin on epithelial tissues has been thoroughly investigated (17) (18) (19) . On the contrary, expression of E-cadherin on lymphocytes has been analyzed in only a few studies. E-cadherin has been found on fetal thymocytes, IEL, and dendritic epidermal T cells (DETC) in the skin (21) (22) (23) , and it has also recently been postulated to function as an inhibitory receptor on DETC (24) . Interestingly, leukocytes infiltrating SMG of autoimmunityprone NOD mice have further been reported to express E-cadherin (20) . The possibility that the positive E-cadherin staining of these cells was due to adsorption from the surrounding epithelial tissue, however, was not addressed. The adoptive cell transfer experiments with short-term (day 3) in vitro-stimulated P14 T cells indicate that E-cadherin expression by CD8 T cells within SMG was driven by the glandular environment. Our data in combination with the reported infiltration of E-cadherin-positive leukocytes during autoimmunity affecting SMG imply that Ecadherin-assisted accumulation of lymphocytes in SMG not only may be relevant for foreign-specific but also for self-specific T cells. The diminished enrichment of E-cadherin-deficient compared with wild-type CD8 T cells in SMG of LCMV-immune mice can readily be rationalized by a decreased adhesiveness of the cells to E-cadherin-expressing epithelial cells. Because Ecadherin is also involved in signaling pathways (27) , E-cadherin ligation on T cells may alternatively impact their function or survival. This issue, as well as the role of CD103 and VLA-1 that have been shown to be important for retention and survival of memory T cells in other epithelial tissues, need to be addressed for SMG memory CD8 T cells (5, 28) .
The salivary glands are important effector sites of IgA-mediated humoral immunity to protect oral surfaces (12, 13) . We now demonstrate that these glands also harbor antigen-specific CD8 memory T cells with features of T RM cells at surprisingly high frequencies and that these cells can provide local immunity to reinfection. It is further intriguing to speculate that these cells may also play a role in the autoimmune processes of Sjögren's syndrome affecting this gland.
Materials and Methods
Mice. C57BL/6J (B6) mice were obtained from Janvier. Thy1.1 + P14 TCR transgenic mice [B6; D2-Tg (TcrLCMV) 318Sdz/JDvsJ] specific for aa 33-41 (gp33 epitope) of the LCMV glycoprotein (29) were maintained in our colony. CD4-Cre transgenic mice (30) were kindly provided by Ulrich Kalinke (Twincore, Hannover, Germany), and mice carrying the floxed E-cadherin gene (31) were a kind gift from Rolf Kemler (Max Planck Institute of Immunobiology and Epigenetics, Freiburg, Germany). Mice were kept under specific pathogen-free conditions. Animal care and use was approved by the Regierungspräsidium Freiburg. Mice infected i.v. with 200 pfu LCMV-WE or 2 × 10 6 pfu VSV-Indiana were considered to be virus-immune after 4 wk p.i.
Isolation of Lymphocytes. Both splenic and SMG leukocytes were isolated by mincing, followed by incubation with collagenase type II (2,000 U/mL; GIBCO) at 37°C for 30 min. All lymph nodes and connective tissue in SMG were removed before leukocyte isolation. Small-intestine IEL were prepared by shaking with low agitation of the cleaned small intestine in cell culture medium containing 10% FCS and antibiotics for 45 min at 37°C. 
